Human deoxycytidine kinase activates the clinically established prodrugs AraC, fludarabine and cladribine and some recently developed chemotherapy agents such as gemcitabine and troxacitabine. In addition, dCK also phosphorylates the antiviral compounds 3TC and ddC used for the treatment of HIV infection. The critical function of dCK for the efficacy of prodrug chemotherapy is evident from a direct correlation between the activity of the enzyme and drug sensitivity in tumor cell lines 1 . Cells lacking dCK activity are resistant to a variety of drugs, including AraC, cladribine, fludarabine and gemcitabine 2,3 , and drug sensitivity to AraC can be restored by expressing functional dCK protein 4 . Moreover, in vivo studies conducted on animal tumors using gemcitabine showed that increased dCK activity, mediated by dCK gene transfer, results in enhanced accumulation and prolonged elimination kinetics of gemcitabine triphosphate and, ultimately, enhanced tumor response to the prodrug 5 .
Human deoxycytidine kinase activates the clinically established prodrugs AraC, fludarabine and cladribine and some recently developed chemotherapy agents such as gemcitabine and troxacitabine. In addition, dCK also phosphorylates the antiviral compounds 3TC and ddC used for the treatment of HIV infection. The critical function of dCK for the efficacy of prodrug chemotherapy is evident from a direct correlation between the activity of the enzyme and drug sensitivity in tumor cell lines 1 . Cells lacking dCK activity are resistant to a variety of drugs, including AraC, cladribine, fludarabine and gemcitabine 2, 3 , and drug sensitivity to AraC can be restored by expressing functional dCK protein 4 . Moreover, in vivo studies conducted on animal tumors using gemcitabine showed that increased dCK activity, mediated by dCK gene transfer, results in enhanced accumulation and prolonged elimination kinetics of gemcitabine triphosphate and, ultimately, enhanced tumor response to the prodrug 5 .
Despite the determining role played by human dCK in current anticancer prodrug treatment, no structural information on the enzyme was available until now. We have determined the three-dimensional structure of dCK to investigate the substrate specificity of the enzyme and to ultimately overcome the limitations imposed by the low catalytic activity of the enzyme: dCK is a relatively poor catalyst (with turnover rates well below 1 s -1 ). Our long-term goal is the structurebased design of mutant enzymes with enhanced activity to be used in gene therapy applications. Additionally, the protein structure may be used to guide the development of improved antiviral and anticancer molecules. We report the fully refined structures of human dCK in complex with dC-ADP, AraC-ADP-Mg and gemcitabine-ADP-Mg. These crystal structures, with a natural nucleoside or nucleoside analogs and ADP-Mg, represent 'dead-end' complexes composed of a mixture of substrates and products. Nonetheless, they allow us to observe a closed conformation of the enzyme similar to the one expected in the presence of ATP, as previously demonstrated in the case of other kinases (such as thymidylate kinase, TMPK) when comparing the ATP analog (β,γ-imidoadenosine 5′-triphosphate) to the ADP-bound structures 6 . Furthermore, analysis of distances in our dCK structures between the nucleosides and a modeled ATP molecule suggests that the position observed for the nucleosides in our ADP complex is similar to the one expected with ATP (see below).
These structures explain the different phosphorylation efficiencies observed with various cytidine analogs and suggest specific modifications to our current arsenal of prodrugs that we predict will result in their improved phosphorylation by dCK and, thus, in an improved therapeutic index. Furthermore, the newly gained structural knowledge was exploited in the design of a dCK mutant that has a faster phosphorylation rate than the wild-type enzyme: ∼50-fold more efficient in phosphorylating deoxycytidine (dC) and ∼4-fold more efficient in activating gemcitabine. This engineered enzyme could have an important role in gene-directed enzyme prodrug therapy strategies. The presence of dCK variants with enhanced activity in neoplastic or virus-infected cells will confront the growing challenge of drug resistance 7 .
RESULTS

Overall structure
We solved the three-dimensional structure of human dCK in complex with ADP at the phosphoryl donor site and dC, AraC or gemcitabine at the acceptor site, including the catalytically essential magnesium ion, to a resolution of 1.6 Å. Structural information for human dCK provides the tool required to understand the substrate specificity of the enzyme and has great potential for contributing to the development of improved therapeutic agents that depend on dCK for activation. To date, the only structural knowledge of human nucleoside kinases was limited to a single structure at a resolution of 2.8 Å of deoxyguanosine kinase (dGK) in which ATP was unexpectedly bound to the deoxyguanosine-binding site 8 .
Human dCK (Fig. 1a,b) consists of 260 amino acids with a calculated molecular weight of 30.5 kDa. We solved the structure using MAD 9 on a selenomethionine (SeMet)-containing protein. dCK is a homodimeric globular protein with a fold similar to that described for the Drosophila melanogaster nucleoside kinase (dNK) and human dGK 8 . Each monomer consists of a five-stranded, parallel β-sheet core surrounded by ten α-helices. Helices α4 and α7 from each monomer create a dimer interface composed of a four-helix bundle.
Three sequence motifs play a special role in dCK function. The first is the highly conserved P-loop motif located at residues Gly28-Ser35 (consensus sequence GX 4 GKS/T; Fig. 1c) , which binds and positions the α-and β-phosphoryl groups of the phosphoryl donor via interactions between amide backbone hydrogens and phosphate oxygen atoms. The second critical loop contains a glutamic acid (Glu127), an arginine (Arg128) and a serine residue (Ser129), which are strictly conserved within dCK, dGK, dNK and thymidine kinase 2 (TK2) (Fig. 1c) . Here we observe a direct interaction between Glu127 of the ERS motif and the magnesium ion (Fig. 2a) , which is the first report of a deoxyribonucleoside kinase structure in which magnesium is present. The hydroxyl group of the P-loop Ser35, a β-phosphate oxygen atom and three water molecules complete the octahedral magnesium coordination.
In the structurally related viral thymidine kinases, such as the herpes simplex virus type 1 enzyme, and in the thymidylate kinase family, the aspartate in a loop containing residues DR(Y/H/F) performs the function analogous to Glu127 in the ERS motif of dCK. Structures of nucleoside/nucleotide kinases with the ERS or DR(Y/H/F) motifs reveal that the arginine is involved in substrate binding and the third residue has a structural role. The φ/ψ angles of the arginine residues in the DR(Y/H/F) and the ERS motifs are located in the disallowed area of the Ramachandran plot 10 . Although such commonality suggests an evolutionary relationship between these enzymes, its significance is still not understood. In TMPK, the corresponding arginine (Arg97) acts as a clamp to bring the donor and acceptor nucleotides together by simultaneously interacting with the phosphate group of TMP and the γ-phosphate of ATP 6 . In dCK, Arg128 has an important anchor function: it interacts via its NH2 atom with the 5′-hydroxyl group of deoxycytidine (2.9 Å) and with Glu53 (3.0 Å), which is strictly conserved within dCK, dGK, dNK and TK2 enzymes (Fig. 1) , and via its NH1 atom with the carbonyl of Gly28 (2.8 Å) in the P-loop and a water molecule (2.9 Å). Modeling an ATP molecule in place of ADP shows that one of the oxygen atoms of the γ-phosphate of ATP would most likely occupy the position of this water molecule, thereby directly interacting with Arg128, the P-loop residues Gly28 and Lys34, and the 5′-hydroxyl group of dC. In this way, Arg128 would play a similar catalytic role to that of Arg97 in the TMPK 6 , bringing the 5′-hydroxyl group of dC in close proximity to the γ-phosphate of ATP (distance between modeled γ-phosphorous of ATP and the nucleophilic 5′-hydroxyl of dC is 3.6 Å).
The third loop is the so-called LID region, residues 188-195 (188- ). This flexible segment, containing three conserved arginine residues, closes in on the phosphoryl donor when it binds and supplies critical residues that participate in ATP binding and catalysis. Arg188 provides the hydrophobic platform for the adenine ring of ADP by making π interactions. In the orthorhombic crystal form, Arg192 interacts with the α-and β-phosphates of ADP, an interaction artificially prevented in the tetragonal space group by symmetry- 
Substrate selectivity
In humans, four spatially segregated enzymes accomplish the first step in the salvage pathway of deoxyribonucleoside triphosphate synthesis. The mitochondrial kinases dGK and TK2 supply the precursors for mitochondrial DNA synthesis, and dCK and thymidine kinase 1 (TK1) do the same for nuclear DNA. Because ultimately dCK and TK1 must provide all four DNA triphosphates, it is not surprising that dCK, in addition to phosphorylating dC, also efficiently phosphorylates deoxyguanosine (dG) and deoxyadenosine (dA). In fact, apart from the thymidinespecific TK1, deoxyribonucleoside kinases are characterized by their ability to phosphorylate substrates of different base constituents. Notably, dNK, the only deoxyribonucleoside kinase in D. melanogaster, phosphorylates all four physiological deoxyribonucleosides 11 . The ability of dCK to accommodate multiple substrates of opposite hydrogen bonding character is conferred by the conserved Gln97 (Fig. 1c) . The hydrogen bond-donating and -accepting moieties of the glutamine side chain are rotated and positioned according to the nature of the bound base. In our structures with cytosine nucleosides, the side chain of Gln97 acts as a hydrogen bond donor to the cytosine N3 atom via its amide group and as a hydrogen bond acceptor to the cytosine amino group via its carbonyl group (Fig. 3) . This cytosine amino group also interacts with the side chain of Asp133. Discrimination by dCK against the pyrimidines thymidine and deoxyuridine is achieved because of the inability of Asp133 to perform favorable hydrogenbonding interactions with a thymine or uracil base. Adding to the discrimination against thymidine (but not deoxyuridine) is a predicted steric clash between Arg104 and the thymine methyl group. Support for this interpretation comes from dNK mutation experiments 11 and from kinetic results with a dCK triple mutant we designed. In this mutant, the discriminating residues Arg104 and Asp133 are changed to a methionine and an alanine, respectively, and, as a consequence, the dCK mutant gains the ability to phosphorylate thymidine. Similar arguments to the above were formulated to explain the discrimination against thymidine by dGK 8 . Additional interactions between the cytosine base and dCK include a hydrophobic interaction to Phe137 and a hydrogen bond to a water molecule that bridges the base and Tyr86. The interaction with Tyr86 affects deoxyribose versus ribonucleosides discrimination (see below)
.
It is important to analyze how human dCK and dGK evolved to discriminate between different substrates despite their high conservation (47% sequence identity). Although both dCK and dGK phosphorylate dA and dG, only dCK is capable of phosphorylating dC and its analogs, such as AraC 12 . Can we understand the molecular basis for this difference in substrate selectivity, despite a remarkably conserved active site? Previously, Ser114 of dGK was postulated to be responsible for discriminating against pyrimidine deoxyribonucleosides, but the reason for this was not obvious 11, 13 . The structures of dCK with dC reveal that to accommodate dC, Arg104 assumes a different conformation to that of Arg118 observed in the structure of dGK (Fig. 4,  arrow 1) . Why, then, does dCK alter the conformation of Arg104 to accommodate dC while dGK cannot do the same with Arg118? We propose that the answer lies in the different hydrogen-bonding networks occurring in the two active sites. An aspartate residue in both the dCK and dGK structures interacts with the above-mentioned arginine (Fig. 4, arrow 2) . However, only in dGK is Ser114 able to participate in this network, adding to its stabilization. In contrast, the equivalent position to Ser114 of dGK in dCK contains an alanine (Fig. 4, arrow 3) . The presence of alanine instead of serine weakens the hydrogen-bonding network that holds the aspartic acid and arginine residues rigid. This allows for a less extended conformation of Arg104, with a concomitant change in conformation for Asp133 upon dC binding. At the same time, when a purine binds to dCK, a change in Arg104 to an extended conformation as observed in the dGK structure is still possible. The conserved tyrosine in position 155 supplies an important hydrogen bond to Asp133 when it adopts the conformation compatible with purine binding. Based on this analysis, we predict that replacing Ser114 with an alanine in dGK will result in a mutant able to phosphorylate dC and, possibly, AraC. We are now testing this prediction.
A common feature among the nucleoside kinases is the stabilization of the sugar 3′-hydroxyl group by a conserved Tyr-Glu pair (dCK, Tyr86-Glu197; dGK, Tyr101-Glu211; dNK, Tyr70-Glu172) 8 . Because of the proximity of the tyrosine hydroxyl group to the 2′-sugar position, this residue favors deoxyribonucleosides over ribonucleosides. The isosteric substitutions of protons by fluorines at the 2′-position in gemcitabine puts one of these fluorines at a distance such that it is able to interact with tyrosine hydroxyl group. Even a slightly larger substituent at this position will result in some steric repulsion, as indicated by the high K m of cytidine in comparison to deoxycytidine ( Table 1) .
Based on comparison of in vitro kinetic data for dCK with UTP and ATP, the preferred in vivo phosphoryl donor was proposed to be UTP 14, 15 . Moreover, the kinetic behavior changes from a random bi-bi mechanism in the presence of ATP to an ordered mechanism of substrate addition in the case of UTP 16 . This suggests that the nature of the phosphoryl donor influences a conformational transition from a partially closed state, present when a single substrate is bound, to the fully closed state, as observed in our structure when both substratebinding sites are occupied. Our lack of success in forming dCK crystals in complex with UDP, in contrast to the ADP complexes that resulted in high-quality crystals, is consistent with the predicted enzyme conformational dependency on the phosphoryl donor. Analysis of the phosphoryl donor-binding site in the closed conformation does not provide us with an obvious explanation for the preference of UTP over ATP, and this awaits a crystal structure of dCK in the presence of UTP or UDP.
DISCUSSION
Determinants of prodrug activation
The structure of dCK in complex with dC-ADP is similar to the complexes of dCK with AraC-ADP-Mg (r.m.s. deviation of 0.66 Å) and with gemcitabine-ADP-Mg (r.m.s. deviation of 0.63 Å) (Fig. 2) . Compared with the structure with dC bound in the active site, the hydroxyl group in the 2′-position of the arabinofuranosyl sugar in AraC provides an additional hydrogen bond to the conserved Arg128 of the ERS motif (d1 = 3.0 Å, Fig. 3) . A similar interaction (2.9 Å) with Arg128 is formed by the fluorine atom (R 1 ) of gemcitabine, while the other fluorine (R 2 ) makes a hydrogen bond with Tyr86 (d2 = 2.7 Å, Fig. 3 ). Steady-state kinetic experiments using AraC, gemcitabine and dC as substrates show that there is a 10-fold increase in the k cat , but only a slight increase in K m for the two prodrugs as compared with dC ( Table 1) . Overall there is a roughly four-fold higher enzymatic efficiency for dCK with AraC and gemcitabine.
We can reconcile these kinetic data by considering a reaction mechanism in which the proton from the sugar 5′-hydroxyl is accepted by a nearby base (either before the O5′ nucleophilic attack on the ATP γ-phosphate or after the formation of the O-P bond). A likely candidate for this role as the general base is the conserved Glu53 (ref. 17) , which is at hydrogen-bonding distance to the sugar 5′-hydroxyl group (2.6 Å via OE2) and to NH1 of Arg128 (3.0 Å via OE1) (Fig. 3) . In the three complexes, the atomic positions of Glu53, Arg128 and the nucleoside or prodrug are identical within experimental error. This suggests that the increased dCK activity towards the two cytosine analogs results from the interactions of Arg128 to R1 and of Tyr86 to R2. Because both AraC and gemcitabine possess the Arg128-R1 interaction and the increase in enzymatic efficiency for the two prodrugs is similar, the Arg128-R1 interaction presumably plays a more predomi-516 VOLUME 10 NUMBER 7 JULY 2003 NATURE STRUCTURAL BIOLOGY 
Figure 4
Superposition of the dCK (yellow) and dGK (cyan) active-site residues. Ser114 in dGK is the key residue for discrimination against pyrimidine bases. The corresponding Ala100 in dCK allows Asp133 to swing between the conformation adopted by the asparagine in the dCK-pyrimidine structure (hydrogen bonded to Arg104) and the one adopted by Asp147 in the dGK-purine structure (hydrogen bonded to Tyr155). In this way, dCK can accept both dC and dA/dG as substrates. Labels and hydrogen bonds in yellow correspond to dCK and those in cyan to dGK. For explanation of the arrows 1, 2 and 3, see text.
nant role than the Tyr86-R2 interaction. Assuming that the observed steady-state kinetic rate reflects the phosphoryl transfer step, the increased rate for AraC and gemcitabine could be explained as follows: in the presence of dC, the interaction between Glu53 and Arg128 is not weakened by the substrate. However, a hydrogen-bond acceptor at the 2′-arabinosyl position, as present in AraC and gemcitabine, could compete with Glu53 for the Arg128 interaction. A weaker Glu53-Arg128 interaction would potentiate the proton-accepting ability of the carboxylic acid group from the O5′-hydroxyl. As a result, the nucleoside 5′-hydroxyl group would become more nucleophilic; hence, the k cat for AraC and gemcitabine phosphorylation would be increased. The positive influence of hydrogen-bonding acceptor substituents at the 2′-arabinosyl position on dCK activity is also supported by the recent discovery that the purine drug 2-chloro-2′-arabino-fluoro-2′-deoxyadenosine (clofarabine), a new derivative of cladribine that is currently in phase II clinical trial for treatment of pediatric leukemia, is about three-fold more efficient as a substrate for dCK than is cladribine [18] [19] [20] . On the basis of the structures presented here, we predict that this improvement is caused by the interaction of the 2′-arabino-fluorine atom of clofarabine with Arg128, thus improving the ability of Glu53 to function as a base.
Another important interaction involved in the stabilization and positioning of the nucleoside sugar is made by the 3′-hydroxyl group. The complexes with AraC and gemcitabine were crystallized under the same conditions as that of dC (see Methods). However, we were unable to obtain crystals with the antiviral drug 2′,3′-dideoxycytidine (ddC). This may suggest that weak ddC binding (K m of 407 µM versus 6.2 µM for dC, Table 1 ) did not induce the same enzyme conformation necessary to promote crystal growth. A likely explanation for such behavior may be the absence of the 3′-hydroxyl group in ddC. Indeed, in all the dC, AraC and gemcitabine structures, the 3′-hydroxyl group is held in place by Glu197 and Tyr86 (Fig. 3) , residues that are strictly conserved within the deoxyribonucleoside kinases dCK, dGK, dNK and TK2 (Fig. 1c) . To counter the low phosphorylation efficiency of ddC and increase its antiviral effect, we propose a modified prodrug molecule that includes a hydrogen bond acceptor at the 2′-position-for example, a hydroxyl group or fluorine in the 2′-arabinosyl position or fluorines in both 2′-positions. When we searched for such molecules in the literature, we found that 2′,3′-dideoxy-2′-arabino-fluorocytosine has been synthesized and shown to be active in an HIV antiviral screen (http://dtp.nci.nih.gov/docs/static_pages/compounds/628495.html). Our results support the testing of this compound as an improved replacement over ddC.
The enzyme dCK is also responsible for the initial phosphorylation of non-natural L-nucleoside prodrugs 21 . These include 3TC, which is clinically approved for treating HIV infection 22 , and the newly developed troxacitabine, which is currently in clinical trials against human malignancies [23] [24] [25] . Modeling of troxacitabine in the dCK active site by overlaying of the common base moiety with the physiological substrate dC demonstrates ample space for the dioxolane ring, and rotations around the torsion angles brings the 5′-OH to the same position as observed with dC. However, although this binding mode is suggestive of a rationale for the ability of dCK to phosphorylate these non-natural nucleosides, it assumes a similar enzyme and nucleoside conformation, which must still be verified experimentally.
Improving dCK catalytic efficiency dCK is an inefficient enzyme as a result of a slow k cat (0.03 s -1 ; Table 1 ). In contrast, dNK exhibits a 2,500-fold higher efficiency for dC phosphorylation resulting mainly from its faster k cat (16.5 s -1 ) 11 . With the goal of making dCK more active, we followed a strategy of mutating key active site residues in dCK to those found in dNK. We hypothesized that Arg104 bends away from the substrate dC to minimize an otherwise detrimental interaction between an extended conformation of Arg104 (as seen in the structure of dGK) and the amino group of dC, and that a methionine in its place, as found in dNK, would result in an increased phosphorylation rate. Because Arg104 is involved in the already mentioned active-site hydrogen-bonding network (Fig. 4) , its mutation to the uncharged methionine was combined with the compensatory D133A mutation. In addition, we made the A100V change to match the residue found in dNK. The kinetic data for the dCK triple mutant A100V R104M D133A are encouraging: efficiency toward dC increased by 50-fold and that toward gemcitabine by fourfold, with no change for AraC (Table 1) . However, for suicide genetherapy applications, an enzyme with higher efficiency in relation to nucleoside analogs as compared to dC would be advantageous.
Concluding remarks
The high-resolution structures of dCK in complex with dC and two clinically used prodrugs reveal determinants of substrate specificity. In addition, the structures provide an ideal starting point for the design of superior nucleoside analogs, taking into account the structural constraints imposed by the dCK active site. Because it is the dCK phosphorylation step that limits the efficacy of clinically used prodrugs in most cases, more efficient prodrug phosphorylation by dCK is predicted to result in potentiated antiviral and anticancer response. Lastly, we have shown that the structure of the enzyme can be used as a first step toward designing a dCK mutant of improved activity that can be used in suicide gene-therapy applications.
METHODS
Protein expression, purification and crystallization. Human dCK was amplified from a cDNA library and cloned into the pET14b vector (S.O., unpublished data). BL21(DE3) Escherichia coli carrying the recombinant plasmid coding for His-tagged dCK was grown in 2YT media at 37 °C, induced with 0.1 mM IPTG and harvested after 8 h. The cell pellet was lysed by sonication and loaded onto a TALON Co 2+ -affinity column (Clontech). After washing and elution with imidazole, the His-tag was cleaved by thrombin. The protein was further purified on an ion-exchange column and an S-200 gel filtration column (Amersham Biosciences). SeMet-substituted protein was produced using an established protocol 26 .
Crystals of human dCK in complex with nucleosides and nucleotides (dC and ADP, AraC and ADP, gemcitabine and ADP) were grown by the vapor diffusion method using either sitting-drop or hanging-drop geometry. Nucleotides were from Sigma except for gemcitabine, which was a gift from Eli Lilly & Co. After the respective complex was formed by mixing of the nucleoside or nucleoside analog (dC, AraC or gemcitabine) and ADP (final concentrations 5 mM each) and the dialyzed enzyme solution (12 mg ml -1 dCK, 5 mM MgCl 2 , 20 mM HEPES, pH 7.5, 5 mM DTT and 100 µM dC, AraC or gemcitabine), 2 µl of the premixed solution was added to 2 µl of the reservoir solution and left to equilibrate at 20 °C against the reservoir. Tetragonal crystals were obtained from sitting drops using a reservoir solution that contained 0.95-1.0 M trisodium citrate dihydrate and 100 mM HEPES, pH 7.5, or from hanging drops using 20% (w/v) PEG 1000, 100 mM magnesium acetate and 100 mM Tris, pH 9.0. In some cases, the citrate condition also gave orthorhombic crystals. Typically, crystals grew within 1 week to dimensions of 200 × 100 × 100 µm 3 .
Data collection and processing. Crystals were transferred to a cryoprotectant solution, consisting of mineral oil (Sigma) for the citrate condition and consisting of the mother liquor with 10% (w/v) xylitol and 10% (w/v) sucrose for the crystals grown in PEG. Once the crystals were mounted in loops, they were frozen by directly immersing them in liquid nitrogen. X-ray data ( Table 2) were collected at the Advanced Photon Source using the BioCARS beamlines BM-C and BM-D and the SERCAT beamline ID-22. The data were indexed, scaled and merged using XDS and XSCALE 27 , or DENZO and SCALEPACK 28 . Data collection statistics for all data sets are shown ( Table 2) .
Structure determination and refinement. The structure of human dCK was solved using the MAD method 9 . Using data from the inflection, peak and remote wavelengths, we located four selenium atoms using SOLVE 29 . The map calculated from the experimental phases allowed us to build a model of dCK in O 30 . Refinement was carried out using CNS 31 into the MAD electron density was used to solve the tetragonal crystals. The electron density for dCK extended to the last residue (Leu260), whereas the N terminus (residues 1-19) was flexible and could not be modeled. Deoxycytidine and ADP were modeled in the electron density map after most of the protein main chain and side chain atoms were built and refined. The ligands were refined without conformational torsion-angle restraints to prevent bias toward a particular ring conformation for the sugars. The final model of the complex of dCK with dC and ADP was used as starting model for the refinement of the other structures in the tetragonal space group and was also used to solve the structure of dCK that crystallized in the orthorhombic space group by molecular replacement (using AMoRe 33 ). Data for the AraC-ADP-Mg and the gemcitabine-ADP-Mg complexes were collected to resolutions of 1.6 Å and 1.9 Å, respectively, on the crystals grown in PEG. The calculation of difference maps clearly showed the presence of substituents on the second position of the deoxyribose moiety of dC: a hydroxyl group in the case of AraC and two fluorine atoms in the case of gemcitabine. The ligands were modeled into the electron density maps after simulated annealing and refinement of the protein model. Water molecules were then automatically added using ARP/wARP 34 .
Steady-state kinetic assay. Deoxycytidine kinase activity was determined using a colorimetric assay 35 in 50 mM Tris-HCl, pH 7.5, 100 mM KCl and 5 mM MgCl 2 at 37 °C. dCK was at a concentration of 0.4 µM and ATP-Mg at 1 mM, while for the nucleosides and the nucleoside analogs we used 10 µM-1 mM concentrations. All experiments were performed in duplicate.
Coordinates. Coordinates and structure factors have been deposited with the Protein Data Bank (accession codes 1P5Z (AraC-ADP-Mg), 1P60 (dC-ADP, orthorhombic space group), 1P61 (dC-ADP, tetragonal space group), and 1P62 (gemcitabine-ADP-Mg).
